INTRODUCTION
Metal-organic frameworks (MOFs) are porous crystalline materials with promise in applications such as heterogeneous catalysis, 1 chemical sensing 2 and molecular separations.
3
Research into MOFs is developing rapidly because the size and shape 4 and chirality 5 of their pores. Additionally, the chemical properties of the pore surfaces can be rationally engineered via modular synthetic methods. 6 This grants a great deal of control over the pore characteristics of the MOF through judicious choice of organic ligands and metal centers. 4b, 6c, 7 The sorption of gases by MOFs has seen a large amount of interest, 8 particularly the selective adsorption of CO 2 for carbon capture and remediation applications. 8a, 9 One strategy is to use functional groups attached to the bridging ligands as sites for strong and selective binding of the groups. 11 However, these types of functional groups also tend to interact strongly with water.
In situations where CO 2 and water might be found together, such as in flue streams, this would lead to competitive adsorption. 12 There are also documented problems of many MOFs degrading upon contact with water. 13 This means a critical marker for the application of MOFs is the relative humidity at which pore-filling occurs. Removal of the pore-water can stress frameworks to collapse. 14 In order to make MOFs useful materials, fashioning pore surfaces to repel water while maintaining favorable properties for adsorbing CO 2 is important. 8a, 15 Strategies to repel water include functionalization of MOF pore space with fluorine-containing groups 16 and alkyl chains.
17
One approach to chemically fine tune MOFs is by forming mixed-component MOFs (MCMOFs; also known as multivariate or MTV-MOFs), where structurally similar yet differently functionalized ligands are incorporated to the lattice. 18 We have shown that the compositions of MC-IRMOF-1-type frameworks can be controlled by the reaction time. 18c Moreover, this approach offers the potential to tune the properties of the materials. For example, sorption of H 2 , CO 2 and CO are enhanced by combining allyloxy-and benzyloxy-functionalities in MC-IRMOF-1-type frameworks. 18d Differences in CO 2 and water adsorption were shown to depend on bdc/bdc-NH 2 /bdc-NO 2 linker proportions in MC-MIL-101(Cr) MOFs. 19 In bpy-pillared zinc isophthalate MC-MOFs, the ratios of methoxy-and nitro-functionalized ligands could be tuned to improve the adsorption of CH 4 over CO 2 and C 2 H 6 . 20 Interestingly, while MC-MOFs can engender differences in properties, the responses are not always products of linear combinations of the linker components. For example, the best H 2 adsorption performance of bdc/bdc-OMe MC-IRMOF-1 was with 25% bdc-OMe incorporation 21 and the highest surface area of bdc/bdc-clear potential to create superior materials through a MC approach is an aspect of MOF chemistry which requires additional research.
In previous work we found that zinc MOFs made from thioether-tagged ligand H 2 L 1 and sulfone-tagged ligand H 2 L 2 (Chart 1) share the interpenetrated IRMOF-9 structure type. 23 More recently we investigated the sulfoxide-tagged ligand L 3 in an IRMOF-9 type framework for its thermally-induced post-synthetic elimination chemistry. 24 Here we desired to create a series of MC-IRMOF-9 compounds with controlled proportions of relatively non-polar sulfide and polar sulfone groups and probe CO 2 adsorption and the influence the chemical functionality has on water adsorption properties. We considered that flexible tethers containing polar functional groups together with short alkyl chains could strike the right balance between good interactions with CO 2 and pore hydrophobicity. MOFs containing sulfide ligands have been shown to be relatively hydrophobic, 25 while sulfone-containing MOFs have good CO 2 binding properties. 11c, 26 Similarly, the sulfone group is also well used in CO 2 adsorbing polymers and membrane materials. 23.26, 34.46, 35.18, 52.89, 127.92, 128.77, 129.86, 130.18, 130.22, 130.54, 130.86, 132.20, 137.07, 145.51, 146.12, 167.34, 167 .50. (1 H, s). 13 C NMR δ C /ppm (125 MHz; CDCl 3 ) 13. 69, 16.34, 53.00, 53.08, 55.17, 56.02, 126.25, 130.07, 130.60, 130.70, 130.73, 131.04, 131.42, 133.64, 144.59, 147.59, 166.82, 167.23 .
Synthesis of dimethyl 2-((propylsulfonyl)methyl)-[1,1'-biphenyl]-4,4'-dicarboxylate

Synthesis of 2-((propylsulfonyl)methyl)-[1,1'-biphenyl]-4,4'-dicarboxylic acid (H 2 L 4 )
1M NaOH solution (0.690 cm 3 , 0.690 mmol) was added dropwise to dimethyl 2- 15.40, 54.11, 126.07, 129.34, 129.48, 129.53, 129.77, 130.18, 130.22, 130.51, 130.97, 133.60 (br), 143.60, 146.56, 166.79, 167.11 . The crystallinity of the activated MOFs was analyzed by PXRD and the patterns are shown in Figure 2 . Previously, MSO 2 Me-100 was shown by SCXRD to have the doubly interpenetrated framework structure of IRMOF-9. 23 The MC-MOFs in this series all show peaks in identical twotheta positions and with similar intensities to activated MSO 2 Me-100, signifying that all are isostructural with the interpenetrated IRMOF-9 structure type. After exposure to the atmosphere these patterns change quickly and eventually show no peaks, indicating poor stability of these MOFs against atmospheric moisture. This has been observed previously for MOFs with Zn 4 O nodes 13c and for similarly functionalized frameworks. 24 Additionally, MSO 2 Pr-100 was analyzed by SCXRD. The framework crystallizes in the space group C2/m, as a pair of interpenetrated pcu frameworks. We and others have seen IRMOF-9-type structures crystallize in this space group with a variety of tagged biphenyl dicarboxylate (bpdc) ligands. 30 The sulfone tag groups were not located in the refinement and this is likely due to being positionally and conformationally disordered within the crystal structure. The PXRD pattern of MSO 2 Pr-100 matches that calculated from the SCXRD structure and the other members of the series (Figure 2 ). for all the MC-MOFs here. 24 No exotherm or mass loss is observed for MSO 2 Me-100 and (purple) and MSO 2 Pr-100 (black).
N 2 Gas Sorption
In order to further characterize the MOFs, N 2 gas sorption experiments at 77 K were carried out.
All the MOFs show Type I isotherms (Figure 4a ; SI Figures S15-S20) with relatively small variations in maximum adsorption, surface areas and pore volumes ( 
CO 2 Gas Sorption
The CO 2 isotherms of each MOF were recorded at 196 K (SI Figure S21 ) and show equivalent uptake capacities to the N 2 isotherms at 77 K and only small differences in performance between the MOFs. MSO 2 show increased CO 2 uptake than the other frameworks and this is most likely due to their slightly greater pore volumes ( The CO 2 adsorption properties of the MOFs were recorded at 273 K, 288 K and 298 K up to 1 bar (SI Figures S22-S27 ). The adsorption data at 298 K for all MOFs is shown in Figure 5a as a representative example. All samples show essentially linear adsorption, with MSO 2 Me-100 having the highest CO 2 adsorption capacity of all the samples and MSO 2 Me-15, (-36), (-64) and MSO 2 Pr-100 all possessing similar CO 2 uptake capacities. This trend is consistent at each measurement temperature. MSO 2 Me-100 and MSO 2 Me-79 possess the highest capacities for CO 2 . This is notable given these MOFs achieve greater CO 2 adsorption than other MC-MOFs with larger available pore space and surface area. Another conspicuous result is that MSO 2 Pr-100 achieves gravimetric CO 2 uptake comparable to MSO 2 Me-15 and (-64) despite a lower accessible surface area. Overall, the materials with the highest proportions of sulfone functionality possess the highest CO 2 capacities. ( Figure S28 ) isotherms at 298 K and a theoretical gas mixture of 15% CO 2 , 75% N 2 , and 10%
other gases ( Table 2 ). The MOF with the highest selectivity factor was MSO 2 Pr-100 (15.8),
followed by MSO 2 Me-100 (9.8), MSO 2 Me-36 (9.3), MSO 2 Me-15 (9.2), MSO 2 -79 (8.4) and finally MSO 2 -64 (7.6). The higher selectivity of MSO 2 Pr-100 can be attributed to a combination of good CO 2 adsorption performance and a reduction in N 2 adsorption (Figures S27-S28 ). The good performance of MSO 2 Pr suggests the smaller pore size and more hydrophobic pore environment by incorporating the propyl group is favorable for selective CO 2 adsorption.
With regards to the MC-MOFs, there is no clear trend between the sulfoxide-sulfone ratio and selectivity factor. The CO 2 /N 2 selectivities are comparable to other MOF materials. For example, the bpdc linked UiO-67 possesses two sizes of pores (11 Å and 8 Å diameter) and a selectivity of 9.4. However, incorporating a sulfone group into the bpdc linker is reported to increase the selectivity to 31.5. 6d To observe performance at higher pressures, CO 2 isotherms were acquired at 298 K up to 10 bar ( Figure S29 ) in which the MOFs all perform similarly with maximum uptakes between 170-200 cm 3 /g. However, MSO 2 Me-79 now outperforms MSO 2 Me-100 in uptake capacity, and the isotherm of the latter shows some curvature indicating it is approaching saturation. Also notable is the good performance of MSO 2 Pr-100 which shows an uptake capacity comparable to the higher surface area MOF, MSO 2 Me-15.
Water Vapor Adsorption
The MOFs were analyzed for their water vapor sorption properties at 298 K ( Figure 6 , Table   3 ). We were particularly interested in the performance for water adsorption given the mixture of polar functional groups. In previous work, sulfoxide-containing MOFs were shown to be more hydrophilic than their sulfone counterparts. 25 MSO 2 Me-15 shows the highest uptake of water vapor below 0.3 P/P 0 , indicating water is more easily adsorbed onto the surface compared with the other MOFs. On the other hand, MSO 2 Pr-100 shows the least uptake in this range of all members in the series. Apart from MSO 2 Me-36, all the MOFs undergo pore filling above 0.4 P/P 0 . Changing the MC-MOF composition does not greatly affect the partial pressure at which the pore filling step occurs in these materials, as might be expected with having similar pore sizes and functional groups. It is notable that the MOF with the highest humidity pore-filling step is MSO 2 Pr-100. We ascribe this to the increased hydrophobicity of the slightly smaller pores lined with the longer propyl tails. Additionally, all the MC-MOFs showed similar maximum water uptake of approximately 11 water molecules per formula unit (Table 3) . These results are understandable given the similar hydrophilic properties of the sulfoxide and sulfone functional groups and the similar sizes of the pores in the MOFs.
The water sorption isotherms show significant hysteresis and are not reversible. All the MOFs possess similar quantities of water remaining within their structures after desorption with a value of 2 molecules per formula unit (Table 3) . These water molecules are likely to be binding to the metals in the structure and it is known that Zn 4 O nodes are capable of binding additional ligands. 30a, 32 The collapse of the MOFs to non-porous amorphous materials after the water vapor isotherms was confirmed by CO 2 adsorption ( Figure S30 ) and PXRD measurements ( Figure   S31 ). Considering many IRMOFs suffer similar collapse in contact with moisture, this is unsurprising. These results all demonstrate the fine tuning possible though a ligand-directed MC approach.
The similar chemical functionality and pore diameters saw the water pore-filling step occur at roughly the same humidity for all the MC-MOFs, suggesting that the size of the pore is the primary parameter. However, changing the ligand tail from methyl to propyl pushed the pore filling step to higher humidity for MSO 2 Pr-100.
In this series of functionalized IRMOF-9 compounds there are non-intuitive results. A complicating factor in the analysis is the subtleties of relative positioning and movements of the interpenetrated frameworks and their associated functional groups upon activation and how this contributes to their performance. Despite these complexities the MC strategy is worth pursuing in order to discover advanced MOF materials.
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